Effects of electromagnetic interactions of colliding bunches in the Tevatron have a variety of manifestations in beam dynamics presenting vast opportunities for development of simulation models and tools. In this paper the computer code for simulation of weak-strong beam-beam effects in hadron colliders is described. We report the recent operational experience, explain major effects limiting the collider performance and compare results of observations and measurements with simulations.
been planned and implemented in order to alleviate these effects and allow stable running at high peak luminosities.
Since the publication of paper [1] that gave a detailed summary of beam dynamics issues related to beam-beam effects, the peak luminosity of Tevatron experienced almost a treefold increase. In the present article we provide an updated view based on the recent years operation (Section II).
Development of a comprehensive computer simulation of beam-beam effects in the Tevatron started in 1999. This simulation proved to be a useful tool for understanding existing limitations and finding ways to mitigate them. In Section IV the main features of the code LIFETRAC are described. In Sections V-VI we summarize our experience with simulations of beam-beam effects in the Tevatron, and cross-check the simulation results against various experimental data and analytical models. We also correlate the most notable changes in the machine performance to changes of configuration and beam conditions, and support the explanations with simulations.
II. OVERVIEW OF BEAM-BEAM EFFECTS
A detailed description of the Tevatron collider Run II is available in other sources [2] .
Here only the essential features important for understanding of beam dynamics are provided.
Tevatron is a superconducting proton-antiproton collider ring in which beams of the two species collide at the center of mass energy of 2 × 0.98 TeV at two experiments. Each beam consists of 36 bunches grouped in 3 trains of 12 with 396 ns bunch spacing and 2.6
µs abort gaps between the trains. The beams share a common vacuum chamber with both beams moving along helical trajectories formed by electrostatic separators. Before the high energy physics collisions have been initiated, the proton and antiproton beams can be moved longitudinally with respect to each other, which is referred to as cogging. This configuration allows for 72 interactions per bunch each turn with the total number of collision points in the ring equal to 138. The total number of collision points is determined by the symmetry of bunch filling pattern.
At the peak performance Tevatron operates with N p = 2.8·10 11 protons and N a = 0.9·10 A typical collider fill cycle is shown in Figure 1 . First, proton bunches are injected one at a time on the central orbit. After that, the helix is opened and antiproton bunches are injected in batches of four. This process is accompanied by longitudinal cogging after each 3 transfers. Then the beams are accelerated to the top energy (85 s) and the machine optics is changed to collision configuration in 25 steps over 120 seconds (low-beta squeeze). The last two stages include initiating collisions at the two main interaction points (IP) and removing halo by moving in the collimators. It has been shown in machine studies that beam losses up the ramp and through the low-beta squeeze are mainly caused by beam-beam effects [1] . In the HEP mode, the beambeam induced emittance growth and particle losses contribute to the faster luminosity decay. 
A. Beam-beam effects at injection
During injection the long range (also referred to as parasitic) beam-beam effects cause proton losses (currently 5 to 10%). At the same time the antiproton life time is very good and only a fraction of a per cent are lost. Observations show that mainly off momentum particles are lost (Fig. 3 ) and the betatron tune chromaticity C = dQ/dδ, where δ = ∆p/p is the relative momentum deviation, has a remarkable effect. Early in Run II the chromaticity had to be kept higher than 8 units in order to maintain coherent stability of the intense proton beam, but after several improvements aimed at reduction of the machine impedance the chromaticity is about 3 units [3, 4, 5] . Figure 3 shows an interesting feature in the behavior of two adjacent proton bunches (no. 20 and 21 
B. Low-beta squeeze
During the low-beta squeeze two significant changes occur -the β * value is being gradually decreased from ∼1.5 m to 0.28 m (hence the name squeeze) and the helical orbits change their shape and polarity from injection to collision configuration. The latter poses a serious limitation since the beams separation at several long range collision points briefly decreases from 5-6σ to ∼2σ. At this moment a sharp spike in losses is observed.
Another important operational concern was the tight aperture limitation in one of the two final focus regions (CDF). With dynamically changing orbit and lattice parameters the local losses were often high enough to cause a quench of the superconducting magnets even though the total amount of beam loss is small (∼ 1%). The aperture restriction has been located and fixed in October of 2008.
Besides orbit stability two other factors were found to be important in maintaining low losses through the squeeze: antiproton beam brightness and betatron coupling. 
C. High energy physics
After the beams are brought into collisions at the main IPs, there are two head-on and 70 long range collision points per bunch. Beam-beam effects caused by these interactions lead to emittance growth and particle losses in both beams.
During the running prior to the 2006 shutdown the beam-beam effects at HEP mostly affected antiprotons. The long range collision points nearest to the main IPs were determined to be the leading cause for poor life time. Additional electrostatic separators were installed in order to increase the separation at these IPs from 5.4 to 6σ [7] . Also, the betatron tune chromaticity was decreased from 20 to 10 units. Since then, the antiproton life time is dominated by losses due to luminosity and no emittance growth is observed provided that the betatron tune working point is well controlled.
Electron cooling of antiprotons in the Recycler and increased antiproton staching rate drastically changed the situation for protons. Figure 5 shows the evolution of total head-on Our analysis showed that deterioration of the proton life time was caused by a decrease of the dynamical aperture for off-momentum particles due to head-on collisions (see Sec.
VI). It was discovered that the Tevatron optics had large chromatic perturbations, e.g. the value of β * for off-momentum particles could differ from that of the reference particle by as much as 20%. Also, the high value of second order betatron tune chromaticity d 2 Q/dδ 2 generated a tune spread of ∼0.002. A rearrangement of sextupoles in order to correct the second order chromaticity was planned and implemented before the 2007 shutdown [9] . Figure 6 demonstrates the effect of this modification on integrated luminosity. Since the dependence of luminosity on time is very well fitted by a L 0 /(1 + t/τ ) function, one can normalize the luminosity integral for a given store to a fixed length T 0 by using the expression
. Here L 0 is the initial luminosity, and τ is the luminosity life time.
One can see that after the modification the saturation at luminosities above 2.6 × 10 32 was mitigated and the average luminosity delivered to experiments increased by ∼ 10%.
Another step in the proton ξ happened after the 2007 shutdown when the transverse antiproton emittance decreased because of improvements in injection matching. The total attained head-on beam-beam tune shift for protons exceeded that of antiprotons and reached 0.028. This led to high sensitivity of the proton life time to small variations of the betatron tunes, and to severe background conditions for the experiments. The reason is believed to be the large betatron tune spread generated by collisions of largely different size bunches [11] .
Indeed, at times the antiproton emittance was a factor of 5 to 6 smaller than the proton emittance. To decrease the proton to antiproton emittance ratio a system has been commissioned which increases the antiproton emittance after the top energy is reached by applying wide band noise to a directional strip line (line 5 in Fig. 2 ) [8] . Currently, the optimal emittance ratio is ∼3.
Since the majority of our efforts was targeting beam-beam effects in HEP mode, we concentrate on this topic in the remaining part of this paper. Discussion of long range effects at injection and coherent effects [12] is left out of the scope of this report.
III. STORE ANALYSIS PACKAGE
Beam-beam interaction is not the single strongest effect determining evolution of beam parameters at collisions. There are many sources of diffusion causing emittance growth and particle losses, including but not limited to intrabeam scattering, noise of accelerating RF voltage, and scattering on residual gas. Parameters of these mechanisms were measured in beam studies, and then a model was built in which the equations of diffusion and other processes are solved numerically [13] . This model is able to predict evolution of the beam parameters in the case of weak beam-beam effects. When these effects are not small, it provides a reference for evaluation of their strength. We use this approach on a store-by- 
IV. WEAK-STRONG CODE LIFETRAC
Initially, the beam-beam code LIFETRAC was developed for simulation of the equilibrium distribution of the particles in circular electron-positron colliders [15] . In 1999 the new features have been implemented, which allowed simulating non-equilibrium distributions, for example proton beams. In this case the goal of simulations is not to obtain the equilibrium distribution but to observe how the initial distribution is changing with time. Number of simulated particles can vary in the range of 10
The tracking time is divided into "steps", typically 10 3 ÷ 10 5 turns each. The statistics obtained during the tracking (1D histograms, 2D density in the space of normalized betatron amplitudes, luminosity, beam sizes and emittances) is averaged over all particles and all turns for each step. Thus, a sequence of frames representing evolution of the initial distribution is obtained.
Another important quantity characterizing the beam dynamics is the intensity life time.
It is calculated by placing an aperture restriction in the machine and counting particles reaching the limit. The initial and final coordinates of the lost particle are saved. This information is valuable for analysis of various beam dynamics features.
The initial 6D distribution of macroparticles can be either Gaussian (by default), or read from a separate text file. Besides, the macroparticles may have different "weights". This The transverse density distributions within "strong" slices are bi-Gaussian, allowing to apply the well-known formulae [16] for 6D symplectic beam-beam kick. However, a simple modification allowed simulating non-Gaussian strong bunches. Namely, the strong bunch is represented as a superposition of a few (up to three) Gaussian distributions with different betatron emittances. The kicks from all these "harmonics" are summarized additively. The calculation time is increased somehow (not very significantly) but the transformation remains 6D symplectic.
A. Tevatron optics
The parasitic collisions in Tevatron play a significant role in the beam dynamics. In order to account their contribution correctly an accurate knowledge of the machine lattice of the whole ring with all distortions, beta beatings, coupling, etc. is required. This necessitated the construction of a realistic model of the machine lattice based on beam measurements.
The most effective method proved to be the orbit responce matrix analysis [17, 18, 19] .
The model lattice is built in the optics code OptiM [20] . Both OptiM and LIFETRAC treat betatron coupling using the same coupled beta-functions formalism [21] . This allows the linear transport matrix between any two points to be easily derived from the coupled lattice functions and phase advances.
A set of scripts has been created enabling fast creation of input files for the beam-beam simulation. These programs automate calculation of azimuthal positions of interaction points for the chosen bunch and extraction of the optics parameters. In the end, the machine optics is represented by a set of 6D linear maps between the interaction points.
It was estimated that resonances generated by known Tevatron nonlinearities, such as the final focus triplets and lattice sextupoles, are much weaker than those driven by beam-beam collisions at the present betatron tune working point. Hence, inclusion of nonlinear lattice elements into the simulation was deemed unnecessary.
B. Chromaticity
Although linear optics is used for the machine lattice model, there are two nonlinear lattice effects which are considered to be significant for beam-beam behaviour and were included into simulations. These are the chromaticities of beta-functions excited in the Main IPs and chromaticities of the betatron tunes. In the Hamiltonian theory the chromaticity of betafunctions does not come from energy-dependent focusing strength of quads (as one would intuitively expect) but from drift spaces where the transverse momentum is large (low-beta regions). The symplectic transformations for that are:
where X, Y , and Z are the particle coordinates, and L is the "chromatic drift" length.
Then, it is necessary to adjust the betatron tune chromaticities which are also affected by "chromatic drift". For that, an artificial element (insertion) is used with the following
Hamiltonian:
where I x and I y are the action variables, Q x and Q y are the betatron tunes, C x and C y are the [additions to the] chromaticities of betatron tunes.
C. Diffusion and Noise
Diffusion and noise are simulated by a single random kick applied to the macroparticles once per turn. Strength of the kick on different coordinates is given by a symmetrical matrix representing correlations between Gaussian noises. In the Tevatron, the diffusion is rather slow in terms of the computer simulation -the characteristic time for the emittance change is around an hour, or ∼ 10 8 turns. In order to match the diffusion and the computer capabilities, the noise was artificially increased by three orders of magnitude.
We justify this approach below. In contrast to the electron-positron colliders there is no damping in hadron colliders. As the result, during the store time an effect of beam-beam interaction on the emittance growth needs to be minimized and made small relative to other diffusion mechanisms such as the intra-beam scattering (IBS), scattering on the residual gas, and diffusion due to RF phase noise. We will call these the extrinsic diffusion to distinguish from the diffusion excited by beam-beam effects. For the present Tevatron parameters the extrinsic diffusion sets the luminosity lifetime to be about 10 hours at the beginning of the store. IBS dominates both transverse and longitudinal diffusions in the case of protons while its relative effect is significantly smaller for antiprotons because of ∼5 times smaller intensity. The external noise plays important role in particle dynamics: it provides particle transport in the regions of phase space which are free from resonance islands.
To make this transport faster we can artificially increase the noise level assuming that its effect scales as noise power multiplied by number of turns. If we choose it so that the noise alone gives 10% emittance growth in 10 6 turns (we use this level as the reference) then this number of turns of simulation will correspond to ∼ 5 h of time in the Tevatron.
To verify this approach we studied the effect of the noise level on luminosity using reconstructed optics. To study this cooperation in more detail we performed tracking at this working point with different noise levels. Fig.9 shows the luminosity reduction in 2 · 10 6 turns (diamonds) Simulations revealed an interesting feature in the behavior of the proton bunch length at high values of ξ -the so-called bunch shaving, when the bunch length starts to decrease after initiating head-on collisions instead of steady growth predicted by the diffusion model (Fig.   13 ). This behavior was observed multiple times during HEP stores in 2007, being especially pronounced when the vertical proton betatron tune was set too high.
The significance of the PCs is illustrated in Fig. 14 , where a bunch intensity is plotted vs. time (2 × 10 6 turns correspond to about 15 hours in the Tevatron) with the complete set of IPs and PCs, and with PCs turned off. It is clear that PCs dominate the particle losses.
E. Optics Errors
In the simulations we used 3 major Tevatron optics modifications:
• "design" optics with ideal parameters of the main Interaction Points (IP), zero coupling.
• "january" optics which was in effect until March, 2004. This optics was measured in January, 2004, and had sufficient distortions in the main IPs (unequal beta's, beam waists shifted from the IP), and betatron coupling. • "june" optics introduced in March, 2004, where the distortions were corrected.
Comparison of the three cases is shown in Fig. 15 . This plot shows that modifications to the optics implemented in March, 2004, made the optics close to the design. Additional simulations revealed that the main source of particle losses was in the long range collisions (PC) nearest to the main IPs. Increasing the beams separation in these points and repairing the phase advances cured high antiproton losses.
F. Scallops
Another illustration of validity of the code is simulation of scallops. Fig. 11 shows the simulated pattern of the antiproton emittance blow-up during first minute of the store. We also demonstrated that scallops can be reduced by moving the working point farther from 5th order resonance. 
G. Chromaticity
Reducing the betatron tune chromaticity can also be a very powerful instrument in decreasing the particle losses. Results in Fig. 16 , demonstrate that changing the tune chromaticity from the present 15-20 units to 5-10 units may significantly improve the beam life time. This can give about 10% in luminosity integral.
H. Further β * Reduction
An improvement which can be relatively easily implemented is the further reduction of the beta-function at the main IPs. Decreasing the β * from 35 cm to 28 cm one can gain 10% both in peak luminosity and in luminosity integral.
I. Beams Separation, 23 Bucket Spacing
Since parasitic collisions give a strong contribution to beam-beam effects, the nearest parasitic collision points dominate, one could increase separation of beams in these points thus making their effect weaker. This could be done by changing the bunch filling pattern is determined by the long range collisions [7] . Also, analytical calculations and numerical simulations predicted that increasing the beam separation at the parasitic collision points nearest to the main IPs would give the largest benefit. To achieve this, two extra electrostatic separators were installed during the 2006 shutdown. As the result of their commissioning, the separation at the IPs upstream and downstream of CDF and D0 increased by 20% (Fig.   18 ).
The increased separation showed itself in improved proton lifetime. a comparison of the single bunch proton intensity for two HEP stores before and after commissioning of the new helix. Initial intensities and emittances of antiprotons in these stores were close which allows direct comparison.
A noticeable change in the bunch length behavior can be observed in Fig. 20 . Note that on the old helix protons experienced significant bunch shortening.
Single bunch luminosity and luminosity integral for the same two stores are shown in Fig.   21 . As one can see, luminosity lifetime in the new configuration has improved substantially.
The overall gain can be quantified in terms of luminosity integral over a fixed period of time (e.g. 24 hours) normalized by the initial luminosity. The value of this parameter has increased by 16%. The value of chromatic beta-function (∆β/β)/(∆p/p) at both IPs is -600 which leads to the beta-function change of 10% for a particle with 1σ momentum deviation [9] . Beam-beam effects in antiprotons are dominated by long range interactions at four collision points with minimal separation. After the separation at these points was increased to 6σ no adverse effects are observed in antiprotons at present proton intensitites.
On the contrary, protons experience life time degradation due to head-on collisions with 
